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Crystal structure of a dimeric octaheme cytochrome c3
(Mr 26 000) from Desulfovibrio desulfuricans Norway
M Czjzek1*, F Guerlesquin2, M Bruschi2 and R Haser1
Background:  The octaheme cytochrome c3 (Mr 26 000; cc3) from Desulfovibrio
desulfuricans Norway is a dimeric cytochrome made up of two identical
subunits, each containing four heme groups. It is involved in the redox transfer
chain of sulfate-reducing bacteria, which links the periplasmic oxidation of
hydrogen to the cytoplasmic reduction of sulfate. The amino-acid sequence of
cc3 shows similarities to that of the tetraheme cytochrome c3 (Mr 13 000; c3)
from the same bacteria. Structural analysis of cc3 forms a basis for
understanding the precise roles of the multiheme-containing redox proteins and
the reason for the presence of several different multiheme cytochromes in one
bacterial strain.
Results:  The crystal structure of cytochrome cc3 has been determined at 2.16 Å
resolution. The subunits display the c3 structural fold with significant amino-acid
substitutions, relative to the tetraheme cytochromes c3, in the regions of the
dimer interface. The identical subunits are related by a crystallographic twofold
axis, with one heme of each subunit in close contact. The overall structure and
the environments of the different heme groups are compared with those of the
tetraheme cytochromes c3.
Conclusions:  A common scheme for interactions between these types of
cytochrome and their redox partners involves the interaction of a heme crevice,
surrounded by positively charged lysine residues, with acidic residues
surrounding the redox partner’s functional group. Despite the relatively acidic
character of cytochrome cc3, the crevice of one heme is surrounded by a high
number of positively charged residues, in the same manner as has been reported
for cytochromes c3. The environment of this heme is formed by four flexible
surface loops which are variable in length and orientation in the different c3-type
cytochromes although the overall structural folds are very similar. It has been
proposed that this region, adapted in topology and charge, is the interaction site
for physiological partners and is also most likely to be the interaction site in the
dimeric cytochrome cc3.
Introduction
The octaheme cytochrome c3 (Mr 26000; hereafter referred
to as cc3) from Desulfovibrio desulfuricans Norway is one of
several multiheme cytochromes characterized in sulfate-
reducing bacteria. These bacteria are particularly rich in
electron-transfer proteins, the exact roles of which have not
yet been completely elucidated. The multiheme cyto-
chromes are, in general, periplasmic and play a key role in
the redox transfer chain between a periplasmic hydroge-
nase, which acts as the initial electron donor, and a complex
membrane and cytoplasmic electron transfer chain, which
uses oxidized sulfur compounds as terminal acceptors.
Three different c-type multiheme cytochromes have been
identified and purified from Desulfovibrio sp.: the tetraheme
cytochrome c3 ([1–4]; hereafter referred to as c3), which is
uniformly present in all Desulfovibrio sp., the octaheme
cytochrome cc3 [5,6] and a high molecular weight cyto-
chrome (Hmc) containing 16 hemes [7–9]. These proteins
all belong to class III of c-type cytochromes, as defined by
Ambler [10]. On the basis of amino-acid-sequence align-
ment of these various cytochromes, it has recently been pro-
posed that they form a cytochrome c3 superfamily, together
with a 3-heme-containing cytochrome from Desulfuromonas
acetoxidans [11], and a common ancestral origin for the
cytochromes of this superfamily has been postulated [12]. 
The occurrence of a soluble cytochrome Hmc (Mr 70000)
has been reported in Desulfovibrio vulgaris strains Miyazaki
and Hildenborough [7–8,13] and in Desulfovibrio gigas [9].
On the basis of sequence homology, this protein is consid-
ered to be a multidomain protein, with four c3-like domains
[8]. Furthermore, it could be a component of a trans-
membrane electron gate to the cytoplasm, as the Hmc
Addresses:  1Laboratoire de Cristallographie et
Cristallisation des Macromolécules Biologiques,
Institut de Biologie Structurale et Microbiologie,
URA 1296, CNRS, 31 Chemin Joseph-Aiguier,
13402 Marseille cedex 20, France, 2Laboratoire
de Bioénergetique et Ingénierie des Protéines,
Institut de Biologie Structurale et Microbiologie,
UPR 9036, CNRS, 31 Chemin Joseph-Aiguier,
13402 Marseille cedex 20, France.
*Corresponding author.
Key words: cytochrome c3, homodimer, 
molecular replacement, multiheme cytochrome,
X-ray structure 
Received:  7 Dec 95
Revisions requested:  22 Dec 95
Revisions received:  15 Jan 96
Accepted:  19 Jan 96
Structure 15 April 1996, 4:395–404
© Current Biology Ltd ISSN 0969-2126
Research Article 395
gene is the first open reading frame (orf1) of a 7kb operon
containing five additional open reading frames (orf2–6) for
transmembrane proteins [14].
Cytochrome cc3 has only been isolated from D. gigas [6]
and D. desulfuricans Norway [5]. The appearance of a 13
kDa apoprotein after SDS electrophoresis [15], as well as
the nature of its electron paramagnetic resonance (EPR)
spectra [16], indicated that this octaheme cytochrome is a
homodimeric cytochrome c3 with two identical subunits; it
is different from the tetraheme cytochrome c3 in its amino-
acid composition and its EPR spectra. As in all c3-type
cytochromes, the four heme groups in each subunit
display four distinct midpoint redox potentials, that is,
four identical pairs because of the symmetry of the dimer.
For the cytochrome cc3 described here, the values, mea-
sured by cyclic voltametry, are –210, –270, –325 and
–365mV, respectively [5].
The exact function and location of this protein have not
yet been established. It has been shown that the homo-
dimeric cytochrome cc3 of D. gigas is able to stimulate
sulfate reduction in a crude extract [17] and that it medi-
ates the electron transfer between purified hydrogenase
and sulfate reductase; cytochrome c3 is almost inactive in
the same reaction [18]. But this reaction might not be
physiological as cytochrome cc3 is supposed to be periplas-
mic and the sulfate reductase is cytoplasmic [19]. The
second order homogeneous rate constant of the electron
transfer between Ni–Fe–Se-hydrogenase and cytochrome
cc3 (reduction of cytochrome cc3 by hydrogenase), which
were purified from the same organism (D. desulfuricans
Norway), was measured by cyclic voltametry [20] and
yielded a value of 8×108 M–1s–1 in 100mM Tris-HCL  pH
7.6. This compares advantageously to the value of 6×107
M-1s-1 obtained for the second order homogeneous rate
constant of the reduction of cytochrome c3 by the periplas-
mic hydrogenase, in the same medium. This rate constant
showed a marked dependence on the ionic strength,
which can be explained by repulsive forces between the
redox partners. This is in view of the very acidic nature of
both cytochrome cc3, having an isoelectric point of 4.8, and
hydrogenase (pI=6.0) [21]. A protein–protein electrostatic
recognition process would necessitate either very localized
charges at the interacting sites or an important role for
intermediate ions.
The three-dimensional (3D) structures of several
cytochromes c3 from various species have been reported
and compared [22–28]. The crystallization of homodimeric
cytochromes cc3 from D. gigas and D. desulfuricans Norway
has been successful [29,30], but no 3D structure has been
reported up to now. We describe, herein, the structure of
cytochrome cc3 from D. desulfuricans Norway, determined
at 2.16 Å resolution. A preliminary structural analysis has
been reported earlier [27].
Results and discussion
The architecture of the cytochrome cc3 subunit
The crystal structure of cytochrome cc3 has been deter-
mined by the molecular replacement method and has
been refined against diffraction data to 2.16 Å resolution
(Table 1). The asymmetric unit contains a monomeric
subunit, the dimer being generated by a crystallographic
twofold axis. The dimensions of the homodimeric cyto-
chrome are 39×70×30 Å3, the longest dimension corre-
sponding to the value measured across the dimer (Fig. 1).
Besides 110 residues and the four heme groups, 65 water
molecules and a sulfate ion have been modeled for each
subunit, in order to account for the electron density in the
(2Fo–Fc) map (Fig. 2). The sequence alignment for
different cytochromes c3 is shown in Figure 3. The heme
numbering scheme, adopted in the present structure
description, corresponds to the order of appearance in the
primary sequence of the cysteines that covalently link the
heme groups.
The monomeric subunit adopts the cytochrome c3 fold
[31], which has a significant number of secondary struc-
ture features (~25% helix, ~5% b sheet and ~20% b turns
and 50% coil and loops [26]). The comparison of the
sequences as well as the structural superposition of the
different cytochromes having the cytochrome c3 fold
(Fig. 4 and Table 2), reveals that there are five regions
that differ strongly from one cytochrome to the other, not
only in their amino-acid composition but also in their
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Table 1
Crystallographic data and model refinement.
cc3 at 20°C, cc3 at 4°C,
crystals grown with crystals grown with
ethanol (NH4)2SO4+2%PEG 400
Space group P3121 P3121
Cell dimensions (Å) a=b=73.01 a=b=73.71
c=61.81 c=57.25
Resolution range (Å) 28.0–2.14 27.8–2.16
Total no. of observations 51 309 28 293
No. of unique observations 10 359 9198
% of data/Rsym* 93.0/6.5 92.4/8.9
No. of non hydrogen atoms 1034 1034
No. of solvent sites 71 65
Ions modeled – 1 SO42–
Missing residues Glu1 Glu1
No cutoff >2s No cutoff >2s
Resolution range (Å) 9.5–2.20 5.5–2.20 12–2.16 12–2.16
R factor (%) 23.0 20.9 20.4 14.7
No. of reflections 9837 8097 8455 4824
Free R factor (%) 31.0 27.0 26.3 20.7
No. of reflections 1017 811 897 507
Rms deviation in:
Bond lengths (Å) 0.009 0.009
Bond angles (°) 1.81 1.79
Ramachandran outliers none none
*Rsym = ∑|Ι–<Ι>|/∑Ι where Ι=observed intensity and <Ι> = average
intensity obtained from multiple observations of symmetry related
reflections.
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structural arrangement. These five regions coincide with
the regions defined as loops 1 to 5 by Higuchi et al. [31].
Apart from the five loops, large variations are only
observed in the C-terminal and N-terminal regions.
Cytochrome cc3 contains one short b sheet, formed by two
antiparallel strands from residues 8–11 and 29–26, found at
the same position in all cytochromes c3. The length of loop
1, formed by the residues connecting the sequences of the
b strands, varies strongly from one cytochrome c3 to the
other. In cytochrome c3 from D. vulgaris Miyazaki and
Hildenborough this loop is made up of six residues only;
in cytochrome c3 from D. desulfuricans Norway it contains
21 residues and in cytochrome cc3 this loop has an interme-
diate length of 14 residues (see Fig. 3). The only extended
a helix that is conserved in this kind of folding is formed
by residues 71–96, situated between the binding sites of
hemes 3 and 4. As in most cytochromes c3 it is interrupted
just behind residue His77 (the sixth axial ligand of the
iron of heme 4) and a loop of six residues (loop 4) is
inserted before continuing with the binding site of heme 3
at Cys86. Only in cytochrome c3 from D. desulfuricans
Norway is the helix uninterrupted, but is bent by 23° at
the equivalent position [26]. Three other helical regions
comprise the heme-binding sites of hemes 1 (Cys38 to
His42) and 4 (Cys105 to His109) and a loop region (Val45
to Tyr49, within loop 2) situated at the interface of the
dimer. Each of these three helices contains only five
residues and forms one complete helical turn.
The subunit interactions of the dimer
The crystallographic twofold axis relates the two subunits
of cytochrome cc3 in such a way that hemes 1 of each
subunit come to lie closest to each other. One of the two
surface-exposed heme edges, the edge comprising pyrrole
rings A and B (notation of the Protein Data Bank [32]),
Figure 1
The overall structural fold of one subunit of
the symmetrical dimeric cytochrome cc3 from
D. desulfuricans Norway is a c3-type fold. 
(a) Ribbon representation of the Ca traces
and the heme groups of the dimer. The
crystallographic twofold axis lies in the plane
of the representation. b strands are shown as
green arrows and the a helices as red spirals.
(Figure generated using TURBO-FRODO
[53].) The orientation of the subunit on the
right-hand side corresponds to that  used for
Figure 4. (b) Stereo diagram showing Ca
traces and heme groups of the dimer. Hemes
1 to 4 and 1′ to 4′ are numbered H1 to H4
and H1′ to H4′. The orientation is
perpendicular to that in (a).
Figure 2
Quality of the electron-density map in the region of the sulfate ion. 
The final (2Fo–Fc) map at 2.16 Å is contoured at 1s.
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becomes buried in the dimer interface and the accessible
surface area of heme 1 is diminished from 126 Å2 to 62 Å2.
The iron atoms of hemes 1 and 1′ are at a distance of 15.1
Å, the shortest distance between the heme edges is 5.0 Å
for the methyl groups of pyrrole rings B. A striking feature
is a rather close contact between the cysteines 38 and 38′,
which are covalently linked to the vinyl groups of pyrrole
rings B of hemes 1 and 1′, respectively. The distance across
the binding interface separating the sulfur atoms of these
cysteines is 3.8±0.2 Å (mean coordinate error, derived from
a Luzzati-plot). This is a little longer than the sum of the
van der Waals radii of the two sulfur atoms (3.70 Å), but
this close contact is nonetheless likely to be important for a
possible electron pathway between the two subunits.
The surface area becoming buried on each subunit on for-
mation of the dimer is about 913 Å2, which is 6% of the
total accessible surface area for cytochrome cc3. This value
compares well to interface surface areas in the range of 600
to 1600 Å2, reported to be typical for protein–protein inter-
action complexes or oligomers [33]. In all, 15 residues of
each subunit, distributed in three major regions of
cytochrome cc3, are implicated in the formation of the
dimer: the N-terminal residues 2–5, residues 36–39 of
heme-binding site 1 and residues 49–51 of loop 2. Fur-
thermore, close contacts within the interface are also
found for residues 7, 31, 34 and 46 and the propionate
group of heme 1. The average main- and side-chain B
factors for the 15 residues situated at the interface are
22.6 Å2 and 25.3 Å2, respectively, compared with the
respective values of 28.3 Å2 and 30.9 Å2 for all residues
(the heme groups are not included). No salt bridge is
formed between the two subunits. Besides the eight
hydrogen bonds formed across the interface (Table 3),
only van der Waals contacts between hydrophobic
residues exist on the interface. For example, the aromatic
side chains of residues Phe3 and Phe3′, related by the
twofold crystallographic axis, participate in hydrophobic
stacking (the average C–C′ distance is 3.6 Å). 53% of the
interface can be considered as non polar, 33% as polar and
14% as charged, the charged residues all being situated on
the periphery of the interface. Residues 3–5 form a short
antiparallel b sheet with residues 51′–49′ of the symmetri-
cal subunit, which is duplicated by the twofold axis. The
interface can therefore be described as a combination of
loop interactions and extended b sheets, motifs which are
typical for dimer interfaces as defined by Miller [34].
Sequence comparison (Fig. 3) shows that in the segments
implicated in the formation of the dimer interface a
number of amino-acid-substitutions occur in cytochrome cc3
with respect to cytochromes c3. These completely change
the nature or size of the amino acid: Phe3 of cytochrome cc3
substitutes smaller, non-aromatic residues; Glu7 substitutes
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Figure 3
The sequence alignment based on the three-
dimensional structures of the cytochromes c3 from 
D. vulgaris Miyazaki (DvM), c3 from D. vulgaris
Hildenborough (DvH), c3 from D. desulfuricans
Norway (DdN), cc3 from D. desulfuricans Norway
(DdN) and c3 from D. gigas (Dg). The indicated
numbering scheme corresponds to the sequence of
cytochrome cc3 from D. desulfuricans Norway. The
histidine residues directly following the second
cysteine residue of the heme-binding sites are
considered as the fifth axial ligands of the iron of the
corresponding heme. The strictly conserved residues
involved in the heme-binding sites are marked by the
boxes. Four other strictly conserved residues are
marked with an asterisk. The highlighted lysine and
arginine residues are supposed to be involved in
docking with physiological partners.
loop 1 loop 2
←−−−−−−−−−−−−−−−−−−−−−→ Heme 1 ←−−−−−−−→
1 5*   10 15 20 25* * 30 35 40 45 50 55
c3 DvM  -APKAPADGLKMD--------KTK-------Q-PVVFNHSTHKAVKCGDCHHPVNGK-ENYQKCAT
c3 DvH  -APKAPADGLKME--------ATK-------Q-PVVFNHSTHKSVKCGDCHHPVNGK-EDYRKCGT
c3 DdN  --ADAPGDDYVISA-PEGMKAKPKGDKPGALQKTVPFPHTKHATVECVQCHHTLEADGGAVKKCTT
cc3 DdN ETFEIPES-VTMSPKQFE---GYT-----PKKGDVTFNHASHMDIACQQCHHTVPDTY-TIESCMT
c3 Dg   --VDVPADGAKIDFIAG----GEK-------NLTVVFNHSTHKDVKCDDCHHDP-GD-KQYAGCTT
loop 3 loop 4 loop 5
Heme 2 ←−−−−−−−→ ←−−−−−−−−→ Heme 3 ←−−−−−−−−−→ Heme 4
* 60 65 70 75 80 85 90 95 100 105 110
c3 DvM  AGCHDNMDKKD----KSAKGYYHAMHD-KGTKFKSCVGCHLETAGADAAKKKELTGCKGSKCHS--
c3 DvH  AGCHDSMDKKD----KSAKGYYHVMHD-KNTKFKSCVGCHVEVAGADAAKKKDLTGCKKSKCHE--
c3 DdN  SGCHDSLEFRDKANAKDIKLVENAFH----T---QCIDCHKALKK-DK-KPTGPTACG-K-CHTTN
cc3 DdN EGCHDNIKER-----TEISSVYRTFHT-TKDSEKSCVGCHRELKR-QGPSD-APLACN-S-CHVQ
cc3 Dg  DGCHNILDKAD----KSVNSWYKVVHDAKGGAKPTCISCHKDKKGDDKELKKKLTGCKGSACHPS
Figure 4
Superposition of the Ca traces of different cytochromes c3 (see also
Table 2). Cytochrome c3 from D. vulgaris Miyazaki is coloured in red,
cytochrome c3 from D. gigas is in yellow, cytochrome c3 from D.
desulfuricans Norway is in green and a subunit of cytochrome cc3 from
D. desulfuricans Norway is coloured in blue. The five surface loops, as
defined by Higuchi et al. [31], are shown. 
small hydrophobic residues; Ala31 substitutes bulkier,
hydrophilic residues, Gln39 replaces glycine, valine or
aspartic acid; Tyr49 is inserted in loop 2. These particular
substitutions all involve tightly bound residues within the
interface in cytochrome cc3 and seem to be responsible for
the formation of the dimer. The structural results therefore
support the findings, that this cytochrome is a physiological
dimer [5] and not just the result of a polymerization during
the purification procedures, reported to be frequent for this
type of protein [15].
The heme environments
As in all other cytochromes c3, the fifth and sixth axial
ligands of the heme iron atoms in cytochrome cc3 are his-
tidines, resulting in particularly low redox potentials. The
geometry of the heme ligation and the relative orienta-
tions of the histidine planes with respect to the heme
planes have been described elsewhere [27]. The relative
His-plane angles and the residues hydrogen bonded to the
Nd1 of the histidines (axial ligands of the heme iron
atoms) show stronger similarity to those in cytochromes c3
from D. vulgaris Miyazaki, Hildenborough and D. gigas
than to those in cytochrome c3 from D. desulfuricans
Norway. As in cytochromes c3 from D. vulgaris Miyazaki,
Hildenborough and D. gigas a tyrosine (Tyr73) is found
parallel to His77 (the sixth axial ligand of heme 4) and the
relative His-plane angles of hemes 3 and 4 are closer to
the parallel orientation, 12° for the His-planes around
heme 3 and 0.2° around heme 4. This should be compared
with 25.6° and 77.2° for the respective His-plane angles
found in the tetraheme cytochrome c3 from D. desulfuricans
Norway. Interestingly, a strictly conserved water mol-
ecule, forming a hydrogen bond to Nd1 of the histidine,
the fifth axial ligand of heme 1, has been observed in all
cytochrome c3 structures [23,25–28]; it is also present in
both models obtained from the two different crystalliza-
tion conditions for cytochrome cc3 from D. desulfuricans
Norway (Fig. 5). This tightly bound water molecule,
buried in the pocket of heme 1, is likely to play an impor-
tant role in the electron-transfer mechanism, as has been
proposed by Matias et al. [25].
As mentioned above, cytochrome cc3, in contrast to c3, from
D. desulfuricans Norway has the same loop insertion in the
a helix between hemes 3 and 4 as found in cytochromes c3
from D. vulgaris Miyazaki, Hildenborough and D. gigas.
This loop covers up one of the heme edges of heme 2,
which is highly exposed to the solvent region in
cytochrome c3 from D. desulfuricans Norway [26].
The relative orientations of the heme porphyrin rings with
respect to the polypeptide chain is to a high degree compa-
rable with the arrangement observed in all other
cytochromes c3. In this arrangement, the edges exposed to
the solvent region in hemes 1 and 4 are composed of
pyrrole rings A and B, reported as typical for cytochrome
c-type hemes [35]; for hemes 2 and 3, pyrrole rings C and
D are exposed. The difference in this cytochrome c3 is that
the pyrrole ring B of heme 1 is buried in the interface of
the dimer. Solvent exposed atoms for the four heme
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Table 2
Structural similarity of cytochrome cc3 from D. desulfuricans Norway with cytochromes c3.
Cytochromes No. of Rmsd of No. of Rmsd* No. of Rmsd*
compared residues 4 Fe atoms (Å) Ca atoms (2 Å) Ca atoms (1 Å)
c3DdN†–cc3DdN‡ 118–110 0.43 82 1.01 54 0.62
c3Dg§–cc3DdN 112–110 0.43 71 1.02 42 0.60
c3DvM–cc3DdN 107–110 0.31 68 0.88 51 0.53
c3DdN–c3DvM# 118–107 0.56 75 1.04 44 0.63
c3DdN–c3Dg 118–112 0.69 75 1.04 47 0.66
c3DvM–c3Dg 107–112 0.28 100 0.72 84 0.54
*Superposition of Ca positions was achieved by rigid-body refinement
in two steps permitting maximal deviations between corresponding
atoms of 2 Å at first and 1 Å in a second step. 
†c3DdN, cytochrome c3 (Mr 13 000) from D. desulfuricans Norway; 
‡cc3DdN, cytochrome c3 (Mr 26 000) from D. desulfuricans Norway;
§c3Dg, cytochrome c3 (Mr 13 000) from D. gigas; 
#c3DvM, cytochrome c3 (Mr 13 000) from D. vulgaris Miyazaki.
Table 3
Hydrogen bonds and close contacts on the interface of the
dimer.
Atom on Atom on Hydrogen-bond distance
subunit A subunit A′ (Å)
Thr2-N Ile51-O 3.1
Thr2-N Hem1-O2A 2.8
Phe3-O Ile51-N 3.0
Ile5 Tyr49-O 2.9
Glu7-OE2 Tyr49-OH 3.0
Met34-O Gln39-NE2 3.0
Ile36-O Gln39-NE2 2.8
Cys38-N Gln39-OE1 3.2
Close contacts
Cys38-SG Cys38-SG 3.8
Phe3-CG Phe3-CD1 3.3
Phe3-CD1 Phe3-CD1 3.4
Phe3-CD2 Phe3-CZ 3.3
Phe3-CE2 Phe3-CE2 3.3
400 Structure 1996, Vol 4 No 4
groups are listed in Table 4. It is worthwhile mentioning
that in all other cytochromes c3, for both hemes 1 and 4,
one cysteine residue, covalently linked to the vinyl group
of the pyrrole ring B, is highly exposed to the solvent
region, whereas all other cysteines are relatively buried by
the polypeptide chain [23,26]. The exposure of thioether
linkages has repeatedly been proposed to play an impor-
tant role in interactions with other macromolecules [36,23],
that is, the physiological redox partners. In this cytochrome
cc3, only one thioether linkage is exposed to solvent, namely
Cys105 which is linked to pyrrole ring B of heme 4, as the
second thioether linkage is buried in the interface of the
dimer. This observation supports the often discussed
assumption that heme 4 is the site of interaction between
cytochromes c3 and its physiological partners within the
electron pathway of sulfate-reducing bacteria [37].
Heme 4, the assumed interaction site for physiological
redox partners
The question concerning the role of the four (or eight)
hemes present in this cytochrome family has been investi-
gated using various techniques, such as molecular model-
ing, NMR, EPR, kinetic and microcalorimetric studies,
but the issue remains unresolved for three of the four
hemes. There is some information concerning the role of 
heme 4; all data available indicate that it is most likely 
to be the interaction site between cytochromes c3 and 
their physiological partners [25,37–43]. The construction
of a hypothetical complex between cytochrome c3 from
D. desulfuricans Norway and ferredoxin I [38] showed that
the most appropriate interaction would involve heme 4;
peptide mapping of the covalent cytochrome c3–ferre-
doxin I complex confirmed this model [40,43]; molecular
modeling together with NMR studies of a rubredoxin–
cytochrome c3 complex also indicated that heme 4 was the
interaction site [39]. The analysis of the thermodynamic
parameters dependent on the ionic strength revealed 
a considerable electrostatic effect on the cytochrome
c3–ferredoxin complex formation [44]. This is consistent
with the idea that the interaction of this type of
cytochrome is based on a heme crevice surrounded by
positively charged lysine residues. The crevice is a feature
common to all c3-type cytochromes and would interact
with acidic residues surrounding the redox partner’s func-
tionally active group [37–44]. However, no studies con-
cerning possible interactions of this type for cytochrome
cc3 have been reported up to date. 
The superposition of the interaction sites (the heme 4
crevice) of the different cytochromes c3 with the crevice of
heme 4 of one subunit of cytochrome cc3 is illustrated in
Figure 6. A striking feature is that the environment of
heme 4 is formed by four of the five loop regions, namely
loops 1, 3, 4 and 5, which differ strongly from one
Figure 5
The strictly conserved water molecule found in the heme pocket of
heme 1 for all cytochromes c3 for which the 3D structures have been
determined. In cytochrome cc3 from D. desulfuricans Norway it forms a
hydrogen bond to Nd1 of His42, the fifth axial ligand of heme 1, and
the main-chain carboxyl oxygen of Glu52. The water molecule is also
rather close to one edge of heme 2.
Table 4
Solvent exposure of the heme edges.
Cysteine Surface Heme Surface
atom (Å2) atom (Å2)
Heme 1 CMA 3
CGA 10
O1A 17
O2A 7
O1D 10
Heme 2 CBA 7
CGA 12
O1A 3
O2A 27
Cys59 SG 1 CAC 2
CBC 23
CMD 47
CBD 40
CGD 14
O1D 22
O2D 19
Heme 3 CMA 6
CBA 29
CGA 8
O1A 1
O2A 13
Cys89 SG 1 CBC 10
CMD 28
CGD 17
O1D 9
O2D 33
Heme 4 CMA 12
Cys105 CB 7 CMB 31
Cys105 SG 21 CBB 51
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cytochrome c3 to the other (see also Fig. 3). In all structure
determinations these loops have been reported to show
high B-factor values and most residues within these same
loop regions show poorly defined electron density [22–27].
These findings seem to point to the loop-regions 1–5 not
only displaying high variations when comparing one
cytochrome c3 structure with another, but also suggest they
are disordered and/or very flexible in each cytochrome c3.
One can also see that the lysine and arginine residues,
which have been proposed to be involved in complex for-
mation [37–39], occur within these loop regions (high-
lighted in the sequence alignment, Fig. 3). In particular, 
7 of the 11 lysine and arginine residues present in
cytochrome cc3 are situated in the close environment of
heme 4 (Table 5). Despite the overall acidic character of
cytochrome cc3 (pI 4.8; 16 negatively charged residues
against 11 positively charged residues), there are only few
negatively charged residues in the region around heme 4
and the local net charge will be positive. The structural
superposition of the different cytochromes c3 makes clear
that although all the highly conserved lysines in the
cytochrome c3 family are localized in the same regions with
respect to the heme 4 crevice, the structural superposition
is rarely observed (Table 5 and Fig. 6). One residue, Arg66,
superposes at the Ca position with a lysine in cytochromes
c3 from D. vulgaris Miyazaki and Hildenborough and
D. desulfuricans Norway, and three residues, namely Arg91,
Lys94 and Lys95, are well aligned with lysines in
cytochrome c3 from D. desulfuricans Norway. This fact is not
surprising as the monomeric cytochrome c3 and the dimeric
cytochrome cc3, present in D. desulfuricans Norway are sup-
posed to interact with different physiological partners. The
flexibility of the four loops, surrounding the crevice of
heme 4, and the slightly different locations of the positively
charged residues modulates their specificity and their mode
of interaction with the different physiological partners.
A recent study of the interfacial behaviour of the poly-
heme cytochromes, using the monomolecular film technic,
in order to determine whether and how these cytochromes
interact with (phospho-) lipids [45], has shown that differ-
ences are measurable in the penetration capacity of the
various cytochromes c3 into lipid layers bearing different
charges. The D. vulgaris Hildenborough cytochrome hmc,
containing 16 hemes, and D. desulfuricans Norway tetra-
and octaheme cytochromes c3, which have been assumed
to be soluble periplasmic proteins, may be considered 
as extrinsic membrane proteins, unlike the D. vulgaris
Hildenborough cytochrome c3. It has been proposed that
the association with the outer face of the cytoplasmic
membrane would implicate the amphiphilic loop 1
(Ala12–Leu28) near heme 4 in cytochrome c3 and the cor-
responding region in cytochrome cc3 [45]. Consequently,
this loop may have functional relevance in the interaction
with the membrane and these cytochromes may constitute
the missing link between periplasm and membrane.
In general, these results seem to indicate that the
cytochromes c3 have a common interaction site for differ-
ent physiological partners: the crevice of heme 4, which is
Figure 6
A ribbon representation of cytochrome cc3. The lysine and arginine
residues surrounding the crevice of heme 4 (red), are shown with their
relative position and orientation for cytochrome c3 from D. vulgaris
Miyazaki (green), cytochrome cc3 from D. desulfuricans Norway (white)
and cytochrome c3 from D. desulfuricans Norway (blue).
Table 5
Charged residues surrounding the crevice of heme 4 in different cytochromes c3 and corresponding residues in cytochrome cc3 as
deduced by structural superposition.
c3 DvH/M* K15 K57 K58 K60 K72 K94 K95 K101
Surface exposure (Å2) 191 95 166 113 155 94 105 163
c3 DdN† K19 K21 K30 R73 K97 K100 K101
Surface exposure (Å2) 108 131 89 105 146 99 182
cc3 DdN K22 K23 R66 K80 R91 K94 R95
Surface exposure (Å2) 143 53 137 171 87 78 147
Residues which superpose structurally at the Ca position appear in the same column (see also Fig. 6). *DvH/M, Desulfovibrio vulgaris
Hildenborough/Miyazaki; †DdN, Desulfovibrio desulfuricans Norway.
conserved during evolutionary events of the multiheme
cytochromes. The modulation of the specificity of inter-
action is assured by different topological setups, such as
the variation of length and flexibility of surface loops.
These are adaptable to the complementary surface of the
partner, and to the difference in the distribution of the
charged residues within these regions. 
Biological implications
Sulfate-reducing bacteria are strict anaerobes that
derive energy for metabolic processes from sulfate res-
piration. The electron-transport chain in Desulfovibrio
species, which links the periplasmic oxidation of
hydrogen to the cytoplasmic reduction of sulfate, is
unusual in that it involves a number of periplasmic
multiheme cytochromes c. The soluble octaheme cyto-
chrome c3 (Mr 26000) could play an important role as
an electron carrier between the periplasmic hydroge-
nase and membrane bound electron transfer proteins. 
Following the discovery of an increasing number of
cytochromes c in sulfate and sulfur-reducing bacteria,
the existence of a cytochrome c3 superfamily has been
described. This includes various multiheme cyto-
chromes all belonging to the class III of cytochromes c
described by Ambler [10]. Three dimensional (3D)
structures are presently available only for tetraheme
cytochromes c3 (Mr 13000). The structure of D. desul-
furicans Norway octaheme cytochrome c3 (Mr 26000)
is the first described for this type of cytochrome.
The knowledge and the comparison of the 3D struc-
tures of these polyhemic cytochromes provides a
structural basis for understanding the factors control-
ling the redox potential and therefore the intra- and
intermolecular electron transfer. The 3D structures
are also important in elucidating the interaction
processes whereby the domains are recognized by
specific redox partners or are implicated in possible
membrane association.
The structural aspect of electron transfer within
protein complexes is an important point of current
research. Two parameters are driving forces in elec-
tron exchange within a complex, namely the interact-
ing domain and the electron pathway. Multiheme
cytochromes are an interesting superfamily for which
kinetic parameters and X-ray structures have been
extensively studied in view of these factors. There is
evidence for an intramolecular electron flow and
protein engineering has now been developed to eluci-
date the functional role of this electron exchange.
Structural comparison of different cytochromes c3
supports the assumption that one of the hemes is the
site of interaction between the molecule and diverse
redox partners. The reasons for the presence of the
other prosthetic groups and for the intramolecular
electron exchange still need to be determined. The
knowledge of the 3D structure of a new compound of
the cytochrome c3 superfamily provides an opportu-
nity to consider the structural and functional aspects
of this molecule in comparison with the previous data
obtained on monomeric cytochromes c3.
On the basis of amino-acid-sequence alignments of
these various cytochromes, a common ancestral origin
may be postulated for the cytochrome c3 family. Deter-
mining the 3D structure of other members of this
family could help in understanding the mechanism
involved in the folding and evolution of the polyheme
cytochromes. The role of the various cytochromes and
the compartmentation of the redox processes in which
they are involved, between the periplasm and the cyto-
plasm, as well as the nature of the membrane redox
proteins associated, are presently under study.
Materials and methods
Data collection
The crystal, which was used for the data collection at 20°C, was grown
under the same conditions as described elsewhere [30]. The space
group is trigonal P3121 with cell dimensions a=b=73.01 Å, c=61.81 Å
and one monomeric subunit of the cytochrome cc3 in the asymmetric
unit. This leads to a value Vm=3.2 Å3 Da-1 and a solvent content of
about 60%, which compares to experimentally observed values
reported for protein crystals in general [46]. The second crystal, which
led to the data set at 4°C, was grown by vapor diffusion in hanging
drops [47], at pH 7.6 (0.1M Hepes), with a 2M solution of (NH4)2SO4
and 2% polyethylene glycol (PEG) 400 as precipitating agent. These
crystals belonged to the same space group but had different cell para-
meters (a=b=73.71 Å, c=57.25 Å). The overall crystal packing did not
change from one crystal to the other and the solvent content is almost
the same (60 and 59%, respectively).
All data were measured with conventional Cu-Ka X-radiation by means
of a Rigaku RU-200 rotating anode operating at 40kV, 80mA with a
graphite monochromator. Data were collected on a MAR-research
imaging plate detector at room temperature (20°C) in the case of the
first crystal and at controlled temperature (4°C) for the second crystal.
The first data set, collected at 20°C, was integrated with MOSFLM
[48] and the second with XDS [49]. Further processing was carried
out using the CCP4 package [50]. 
Molecular replacement and structure refinement
The structure of the dimeric cytochrome cc3 was solved by performing
molecular replacement with the program AMoRe [51]. At first a truncated
(poly-Ala) search model was constructed on the basis of the refined
structure of cytochrome c3 [26] from the same Desulfovibrio species (the
two cytochromes display 34.6% homology on the basis of sequence
alignment). On the basis of the first data set, collected at 20°C, two
equivalent solutions related by a twofold symmetry were found, indicating
that the asymmetric unit contains one monomeric subunit. The dimer is
generated by the crystallographic twofold axis. After rigid-body refine-
ment, the preliminary calculated R factor was 48.5% and a first energy
minimization with XPLOR 3.1 [52] lowered the R factor to a value of
37.2%. At this stage, solvent-flattened (Fo-Fc) and (2Fo-Fc) maps were
calculated to permit model construction with the graphical display
package TURBO-FRODO [53]. A full model, based on the sequence
information for cytochrome cc3 [11], could be placed into the electron-
density map. Several simulated annealing refinement cycles were per-
formed with XPLOR 3.1 and 100 water molecules were fitted. The
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R factor converged to a value of 20%; the Ramachandran plot [54] of
the structure showed that the model had reasonable stereochemistry;
however, no supplementary information could be deduced from either
solvent-flattened or omit-maps, calculated at this stage of refinement, in
order to optimize the model and lower the R factor. In fact, the model had
a very high average temperature factor of 47.1 Å2 and two surface loops,
containing residues 14–23 and 63–69, were poorly defined in the elec-
tron-density maps. Assuming that some structural disorder and/or dynam-
ical flexibility of parts of the protein led to this final stage of refinement,
with elevated R factor and temperature factor, we collected a second
data set at controlled temperature of 4°C. Again, the model was posi-
tioned with respect to this new data set by performance of the molecular
replacement method. The same solutions were found, mainly translated
along the c-axis, as to be expected with respect to the changes in the cell
parameters. After several refinement cycles, the final atomic model shows
only small differences (0.43 Å rms deviation of the 110 Ca atoms) from
the model calculated from the data set at 20° C (Table 1). The electron
density for the surface loops 14–23 and 63–69 still showed interruptions
but the overall aspect of the map was better. The average temperature
factor for this model was 26.1 Å2. 110 out of the 111 residues could be
modeled, but no density was visable for the first residue (Glu1). 65 water
molecules were placed and a sulfate ion was located close to two
arginine residues (Arg91 and Arg95; Fig. 2). 88% of the residues are in
the most favoured regions of the Ramachandran plot.
The atomic coordinates of the refined structural model have been
deposited with the Brookhaven Protein Data Bank (PDB ID: 1CZJ).
The determination of the rms deviations and the comparison of the dif-
ferent c3-type cytochromes was accomplished by the superposition of
the Ca backbone traces and the heme groups, with the option for rigid-
body refinement, using the graphics program TURBO-FRODO [53].
After a visual superposition on the basis of the heme group arrange-
ment, a first step of rigid-body refinement was performed considering
only atoms closer than a 2 Å cutoff and, in a second step, all atoms
closer than 1 Å (Table 2).
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